Clostridium (Clostridioides) difficile, a Gram-positive, anaerobic bacterium is the leading single 37 cause of nosocomial infections in the United States. A major risk factor for C. difficile infection 38 (CDI) is prior exposure to antibiotics as they increase susceptibility to CDI by altering the 39 membership of the microbial community enabling colonization. The importance of the gut 40 microbiota in providing protection from CDI is underscored by the reported 80-90% success rate 41 of fecal microbial transplants in treating recurrent infection. Adaptive immunity, specifically 42 humoral immunity, is also sufficient to protect from both acute and recurrent CDI. However, the 43 role of the adaptive immune system in mediating clearance of C. difficile has yet to be resolved. 44
immunity. Furthermore, the indigenous microbial community membership that exists prior to 82 antibiotic administration and infection was predictive of which animal went on to clear the 83 infection. 84 85
Results. 86
Clearance of C. difficile can occur in the absence of adaptive immune responses. 87
We sought to determine the contribution of adaptive immunity in clearance of C. difficile. 88 To test this, we compared C. difficile infection in wild-type mice (WT) to RAG1 -/mice, which 89 lack both B and T cells. As the two genotypes of mice were derived from separate colonies and 90 others have reported that RAG1 -/mice have a distinct microbial community from WT mice, we 91 co-housed the RAG1 -/mice with WT mice for over three weeks. Co-housing normalized the WT 92 and RAG1 -/mice fecal communities such that they were not significantly different, ANOSIM 93 p=0.087 ( figure 1A ). Both groups of mice were pretreated with antibiotics, separated into cages 94 based on genotype, then challenged with C. difficile strain 630. Although all mice were initially 95 colonized, within three weeks of challenge, animals in two cages cleared C. difficile while the 96 remaining animals were persistently colonized ( figure 1B) . Notably, the mice that cleared the 97 infection were WT and RAG1 -/-. Clearance or persistence colonization with C. difficile did not 98 correspond to genotype but rather to co-housing group. Reanalyzing the pre-antibiotic microbial 99 communities by co-housing group rather than genotype, we found that the mice that eventually 100 cleared C. difficile had significantly distinct community compared to the mice that remained 101 colonized ASOSIM p= 0.047 ( figure 1C ). These results demonstrate that clearance of C. difficile 102 can occur independently of adaptive immunity.
To mitigate any effect inherent baseline differences in the microbiota of WT and RAG1 -/-105 mice, we tested if adaptive immunity is sufficient to clear C. difficile by reconstituting RAG1 -/-106 mice with splenocytes from WT mice. Reports of immunization with various C. difficile antigen 107
suggests that antibodies to these antigens may decrease colonization so we additionally tested if 108 transfer of cells from mice immunized via natural infection with C. difficile might facilitate 109 clearance (15, 16) . Splenocytes were collected from WT mice that were either naïve or colonized 110 with C. difficile strain 630 for three weeks (figure S1A). Development of humoral immune 111 responses to C. difficile in the donor mice was confirmed by the detection of high titers of anti-112
TcdA IgG in the serum while uninfected mice had undetectable levels of anti-TcdA serum IgG 113 (p<0.01) (figure S1B). 114
Recipient RAG1 -/mice were infected with C. difficile strain 630 prior to the adoptive 115 transfer. Donor splenocytes were administered to the recipient RAG1 -/mice two days after C. 116 difficile challenge, when C. difficile colonization had already reached high levels. Recipient mice 117
were randomly assigned to one of three groups and either received splenocytes from naïve WT 118 donors, infected WT donors, or vehicle. 119 To confirm engraftment of the WT cells, we measured total serum IgG in the recipient 120 mice three-weeks post transfer. The mice that received splenocytes had significantly higher 121 levels of total serum IgG post-transfer compared to the mice that received vehicle (p<0.05) 122 ( figure 2A ). Of the mice that received splenocytes, two did not develop any detectable serum 123
IgG. There was no difference in the levels of total serum IgG between the mice that received 124 splenocytes from infected donors versus uninfected donors (p>0.05). Furthermore, we 125 determined that we successfully transferred anti-C. difficile immunity as we detected anti-TcdA IgG only in the serum from the mice that received splenocytes from the infected donors (p<0.01) 127
Following adoptive transfer, levels of C. difficile in the feces were monitored for three 129 weeks. We observed clearance of C. difficile from one cage of mice in the group that received 130 splenocytes from infected donors. However, clearance of C. difficile did not occur in any of the 131 other animals within that treatment group (figure 2C). Three-weeks post transfer there was no 132 significant difference in levels of colonization in any of the treatment groups ( figure 2D ). 133
Notably, in the cage that cleared, one mouse had undetectable levels of serum IgG while the 134 other three mice in the cage had detectable levels (figure 2A, filled pink circles). Together these 135 results suggest that reconstitution of adaptive immunity is not sufficient for clearance of C. 136
difficile. 137
The range in the levels of colonization we observed within each treatment group 138 suggested adaptive immunity is not sufficient to explain the differences in clearance of C. 139 difficile. Visualization of the Bray-Curtis dissimilarity between the day one post infection 140 communities (before the adoptive transfer) using multidimensional scaling revealed that the mice 141 that went on to clear C. difficile had a distinct community compared to the mice that would 142 remain colonized, ANOSIM p=0.02 (figure 3). This result suggests the structure of gut 143 microbiota rather than adoptive transfer of splenocytes is associated with clearance of C. 144
difficile. \ 145
Specific members of the microbiota are altered in mice with reconstituted adaptive 146 immunity 147
The microbiota and the immune system have been previously shown to modulate one 148 another through numerous complex interactions (18, 19) . In the cefoperazone mouse model of infection, the diversity of microbiota begins to recover by two weeks following cessation of the 150 antibiotic (20). Therefore, we asked if reconstitution of adaptive immunity altered the recovery 151 of the community following antibiotics and infection with C. difficile. We examined the gut 152 microbial community structure of the mice over the course of the experiment using 16S rRNA 153 gene amplicon sequencing. Our first approach sought to determine if we could detect changes in 154 the overall microbial community composition of the mice. We calculated the Bray-Curtis 155 dissimilarity between each mouse's day twenty-one sample (nineteen days after the adoptive 156 transfer) and their pre-antibiotic sample. We hypothesized that reconstitution of adaptive 157 immunity might prevent the microbiota from returning to the same structure as was observed 158 before adoptive transfer. Thus, we thought that perhaps the mice that received splenocytes might 159 have higher Bray-Curtis dissimilarity values compared to the group that received only vehicle. 160
Since we were unable to confirm that we successfully restored adaptive immune function in two 161 of mice that received splenocytes (figure 2A), we excluded them from the rest of analysis as our 162 questions hinged on immune status-gut microbiota interactions. Additionally, we lost the ability 163 to calculate this metric for a couple of mice due to the lack of pre-antibiotic samples. Comparing 164 the Bray-Curtis dissimilarity results between the three treatment groups revealed no significant 165 differences between any of the groups ( figure 4A ). We also wondered if addition of adaptive 166 immunity might alter alpha-diversity so we calculated the inverse Simpson index each fecal 167 community at day nineteen post transfer (day twenty-one post infection). We did not observe any 168 significant differences between the treatment groups by this metric either ( figure 4B ). This 169 suggested that by broad evaluations of community structure, the perturbation of antibiotics and 170 infection with C. difficile potentially has a much greater effect on the microbial community than 171 any effects due to immune reconstitution.
While we saw no significant differences in the recovery of the community structure or 173 alpha diversity at day twenty-one post infection, we wondered if perhaps the abundance of only a 174 few operational taxonomic units (OTUs) were altered by reconstitution of the adaptive immune 175 system. For this analysis, we grouped all of the mice that received splenocytes and developed 176 detectable levels of serum IgG at day twenty-six post infection together and called them IgG 177 positive. The mice that only received vehicle and thus had undetectable levels of serum IgG were 178 designated the IgG negative group. Using OTU abundance from day twenty-one post infection 179 samples, linear discriminant analysis effect size (LefSe) identified twenty-seven OTUs with 180 linear discriminant analysis (LDA) values greater than two. The ten OTUs with the highest LDA 181 values were primarily enriched in the IgG negative mice (figure 4C). OTU 3, which is classified 182
as Akkermansia, had the highest LDA value. This OTU was found at a significantly lower 183 abundance in the IgG positive mice compared to the IgG negative mice. A decrease in 184
Akkermansia following reconstitution of adaptive immunity via transfer of bone marrow of from 185 wild-type mice into RAG1 -/mice has been reported by another group (21). While the decrease 186 in OTU 3 in the IgG positive mice was observed across the cages, many of the other OTUs that 187 discriminated between the IgG positive and negative mice were only detected in one of the IgG 188 negative cages. 189
Random Forest feature selection identifies OTUs in the pre-antibiotic community that 190
differentiates mice that will remain persistently colonized vs. clear. 191
Following our previous analyses, we made the consistent observation that structure of the gut 192 microbiome was associated with clearance of C. difficile, even prior to antibiotic treatment 193 ( figure 1C ). We questioned if specific OTUs present in the mice before any intervention may 194 have differentiated mice that would go on to clear the infection. For this analysis, we pooled data 195 from three independent experiments (the two described earlier and a third experiment including 196 only WT mice) where cages of mice had spontaneously cleared C. difficile (figure S2). We 197 utilized Random Forest for feature selection to identify OTUs that could classify mice as 198 "cleared" or "colonized" based on their pre-intervention microbiota. Using the entire pre-199 treatment community, we could classify the mice as "cleared" or "colonized" with 76.9% 200 accuracy. However, this model was better at classifying mice that would remain colonized and 201 was poor at classifying mice that would go onto clear C. difficile, with an accuracy of only 25%. 202
Nine out of the top ten OTUs that most contributed to classification were from the Firmicutes 203 phylum ( figure S3A and B ). Two OTUs in particular (OTUs 52 and 93) ranked highest in their 204 ability to discriminate between the groups and were significantly increased in abundance in mice 205 that would go on to clear. Therefore, we tested if those two OTUs alone were sufficient to 206 classify the mice. Generating a new Random Forest model using only those two OTUs, we found 207 that the overall model improved to 82.9% accuracy in classification. Furthermore, these two 208
OTUs could correctly classify mice that would go on to clear C. difficile with 66.6% accuracy 209 ( Figure 5 ). 210
Discussion. 211
In this study we asked if adaptive immunity was required for clearance of the provides a framework by which the adaptive immunity facilitates clearance (22, 23) . In addition 217 to the potential direct effects, adaptive immunity may have on the bacterium itself, it is known 218 that there is a complex interaction loop between the microbiota and host immune response. Both 219 the innate and adaptive arms of the immune system regulate membership of the gut microbial 220 community while the gut microbiota in turn modulates the immune system via the production of 221 metabolites and/or MAMPs (24). 222
Our results show that reconstitution of adaptive immunity is associated with altered 223 abundance of some bacteria in the gut, however it does not impact levels of C. difficile 224 colonization. We found that in the reconstituted RAG1 -/mice that developed serum IgG, there 225 was a decreased abundance of Akkermansia (OTU 3). Another group has previously observed 226 this result; however, we were surprised to see the same trend in our model as our mice were also 227 subjected to antibiotic therapy and infection with C. difficile. In the two mice that received 228 splenocytes but did not have detectable serum IgG, the abundance of the Akkermansia OTU was 229 very low ( figure S4A ). There are numerous reasons why this could be the case, the first being 230 that a lack of serum IgG does not preclude successful transfer of T cells which may be 231 responsible for modulating levels of Akkermansia in wild-type mice. Additionally, fecal IgG or 232
IgA from the mice that had successful transfers may have been transmitted via coprophagy in 233 sufficient quantities to modulate the levels of Akkermansia in the IgG negative mice that were 234 sharing their cage. Since the relative abundance of OTU3 was not significantly different between 235 the groups in the pre-treatment samples we can conclude that the differences we observed were a 236 result of the experimental conditions not merely baseline differences in their microbiota (figure 237 S4B). Akkermansia has been implicated in the modulation of health processes such as regulation 238 of host metabolism so further studies are necessary to fully elucidate the factors that regulate its 239 abundance in the gut (25, 26) . 240
Based on our repeated observations that altered communities early in the experimental 241 timeline was associated with clearance of C. difficile we used Random Forest to eventually 242 identify just two OTUs that could classify mice that would go on to clear C. difficile with 66.6% 243 accuracy. Previous work using a similar approach identified OTUs present on the day of 244 challenge that were predictive of levels of colonization day one post-infection, however we are 245 the first group to assess if the composition of the murine gut microbiota before any treatment 246 might affect the outcome of C. difficile infection (27). Both of the OTUs we identified belong to 247 the family Lachnospiraceae and were enriched in mice that would go on to clear C. difficile 248 infection. Our group has previously observed that high levels of Lachnospiraceae is associated 249 with protection from severe disease in a murine model of CDI (28). One possibility is that these 250 bacteria are just inherently resistant to cefoperazone, however in vitro antibiotic susceptibility 251 testing of Lachnospiraceae isolates from our mouse colony suggest that this is not the case (data 252 not shown). Furthermore, we have also reported that mono-association of germ-free mice with a 253 single Lachnospiraceae isolate partially restored colonization resistance (29). It is tempting to 254 speculate multiple Lachnospiraceae isolates might be able to fully restore colonization 255 resistance. However, it remains to be seen if the same mechanisms, which prevent initial 256 colonization of C. difficile, play a role in clearance of C. difficile. 257
Our results suggest that community resilience is intrinsic to the community membership 258 at baseline, prior to any antibiotic treatment. Additionally, these data suggest the possibility of 259 predicting individuals that will be at risk for persistent colonization before antibiotic therapy. 260
However, a crucial first step is to determine if predictive OTUs are different across perturbations 261 such as various classes of antibiotic therapy. Finally, our findings have implications for the 262 design of future preclinical studies testing the efficacy of vaccines or other manipulations of adaptive immunity on levels of colonization as "cage effects" or inherent differences in the 264 baseline community structure of animals within cages may bias findings. Experimental 265 approaches that can be implemented to account for the role of the microbiota include co-housing, 266 using multiple cages for each experimental condition, and the use of littermate controls (30). determined by a statistical method. Multiple cages of animals for each treatment were used to 283 control for possible differences in the microbiota between cages. Mice were evaluated daily for 284 signs of disease. Euthanasia was carried out via CO 2 asphyxiation when mice were determined to 285 be moribund or at the conclusion of the experiment. Animal studies were conducted under the 286 approval of The University of Michigan Committee on the Care and Use of Animals; husbandry 287 was performed in an AAALAC-accredited facility. 288 Spore Preparation. Spore stocks of C. difficile strain 630 (ATCC BAA-1382) were prepared as 289 previously described with the following modifications; strains were grown overnight in 5mL of 290 Difco Columbia broth (BD Biosciences 294420), which was added to 40mL of Clospore media 291 (3, 31) . 292
Infections.
In experiments comparing colonization in WT and RAG1 -/mice, age and sex 293 matched mice were co-housed for thirty-three days starting at three weeks of age and continuing 294 through cefoperazone administration. Upon infection, animals were separated into single 295 genotype housing. Mice were made susceptible to infection by providing ad libitum drinking 296
water with the addition of 0.5mg/mL cefoperazone (MP Pharmaceuticals 0219969501) in Gibco 297 distilled water (15230147). The antibiotic water was changed every two days and was provided 298 for ten days. Following two days of supplying drinking water without antibiotic, mice were 299 challenged with either spores or water (mock). C. difficile spores suspended in 50μL of Gibco 300 distilled water were administered via oral gavage. The number of viable spores in each inoculum 301 was innumerate by plating for colony-forming units (CFU) per mL -1 on pre-reduced taurocholate 302 cycloserine cefoxtin fructose agar (TCCFA). TCCFA was made as originally described (32) adjustment of volume to 1L, the media was autoclaved and supplemented with D-cycloserine to 308 a final concentration of 250μg/mL of (Sigma-Aldrich C6880), cefoxitin to a final concentration 309 16μg/mL (Sigma-Aldrich C4786) and taurocholate to a final concentration 0.1% (Sigma T4009). 310
Over the course of the infection, mice were routinely weighed and stool was collected for 311 quantitative culture. Mice were challenged with between 10 2 and 10 4 CFU. 312
Quantitative Culture. Fresh voided fecal pellets were collected from each mouse into a pre-313 weighted sterile tube. Following collection, the tubes were reweighed and passed into an 314 anaerobic chamber (Coy Laboratories). In the chamber, each sample was diluted 1 to 10 (w/v) 315 using pre-reduced sterile PBS and serially diluted. 100μL of a given dilution was spread onto 316 pre-reduced TCCFA or when appropriate TCCFA supplemented with final concentration of 317 either 2 or 6μg/mL of erythromycin (Sigma E0774). Strain 630 is erythromycin resistant; use of 318 erythromycin in TCCFA plates reduced background growth from other bacteria in the sample. 319
Plates were incubated anaerobically at 37°C and colonies were enumerated at 18-24 hours. Plates 320 that were used to determine if mice were negative for C. difficile were held and rechecked at 48 321
hours. 322
Splenocytes Recovery and Transfer. Spleens from individual animals were aseptically 323 harvested from donor mice. Following harvest, the organ was gently homogenized using sterile 324 glass slides to remove the cells from the capsule. Cells were suspended in filter-sterilized RPMI 325 complete media consisting of RPMI + 1 L-glutamine (Gibco 11875-093) supplemented with 326 10% FBS (Gibco 16140-071), 1% 100x Penicillin-Streptomycin (Gibco 15070-063), 1% 1M 327 HEPES (Gibco 15630-080), 1% 100x non-essential amino acids (Gibco 11140-050), 1% 100mM 328 Sodium Pyruvate (Gibco 11360-070) and 0.05mL of 1M 2-Mercaptoethanol (Sigma M3148). To 329 remove large debris, the cell suspension was filtered through a 40μm cell strainer. Cells were 330 pelleted by centrifugation at 1,500 rpm for 5 minutes at 4°C. Following the spin, the pellet was 331 suspended in red blood cell lysing buffer (Sigma R7757) and incubated with the solution for no 332 more than 5 minutes. Lysis was stopped with the addition of RMPI complete media and cells 333 were enumerated manually using a haemocytometer. Following enumeration, the cells were 334 pelleted again by centrifugation at 1,500 rpm for 5 minutes at 4°C and re-suspended in 335
Leibovitz's L-15 (Corning 10-045-CV) media. Recipient mice were injected into the peritoneal 336 cavity with 2 x 10 7 cells in 0.25mL L-15 media. Mice that received vehicle were injected with 337 Sequencing. The University of Michigan Microbial Systems Laboratory constructed amplicon 370 libraries from extracted DNA as described previously (34). Briefly, the V4 region of the 16S 371 rRNA gene was amplified using barcoded dual index primers as described by Kozich et al. (35) . 372
The PCR reaction included the following: 5μl of 4μM stock combined primer set, 0.15μl of 373 paired end reads were assembled into contigs and aligned to the V4 region using the SLIVA 16S 389 rRNA sequence database (release v128) (37), any sequences that failed to align were removed; 390 sequences that were flagged as possible chimeras by UCHIME were also removed (38). 391
Sequences were classified with a naïve Bayesian classifier (39) using the Ribosomal Database 392 Project (RDP) and clustered in to Operational Taxonomic Units (OTUs) using a 97% similarity 393 cutoff with the Opticlust clustering algorithm (40) . 394
The number of sequences in each sample was then rarefied to 10,000 sequences to 395 minimize bias due to uneven sampling. For feature selection, the shared file was filtered to 396 remove any OTU that was in less than six samples across the entire data set. The mothur 397 implementation of LefSe (linear discriminant analysis effect size) was used to determine OTUs 398 that differentiated IgG positive verses RAG1 -/mice given vehicle nineteen days post adoptive 399 transfer (41). Following curation in mothur, further data analysis and figure generation was 400 carried out in R (v 3.3.3) using standard and loadable packages (42). The data and code for all 401 analysis associated with this study are available at 402 https://github.com/jlleslie/AdaptiveImmunity_and_Clearance. 403
Most of the analysis relied on the R package vegan (43). This includes, determining the 404 axes for the multidimensional scaling (MDS) plots using Bray-Curtis dissimilarity calculated 405 from sequence abundance. Additionally, vegan was used to determine significance between 406 groups using ANOSIM, calculation of Inverse Simpson index, and Bray-Curtis dissimilarity 407 between samples. Final figures were modified and arranged in Adobe Illustrator CC. For the 408 purpose of distinguishing between values that were detected at the limit of detection versus those 409 that were undetected, all results that were not detected by a given assay were plotted at an 410 arbitrary point below the LOD. However, for statistical analysis, the value of LOD/√2 was 411 substituted for undetected values. Wilcoxon ranked sum test was used to determine significant 412 differences and when appropriate, reported p-values were corrected for multiple comparisons 413 using the Benjamini-Hochberg correction. 414 Random Forest Analysis. Random Forest analysis was performed using R (v.3.2.3) using the 415 randomForest package (44, 45) . Model parameters ntree and mtry were tuned based on the input 416 datasets in order to achieve optimal classification without over-fitting (46). Briefly, ntree was 417 calculated by multiplying the total number of OTUs included in the analysis by a ratio of the 418 quantity of samples in each classification category. Additionally, mtry was defined as the square 419 root of the number of OTUs. The informative cutoff for Mean Decease Accuracy (MDA) values 420 was determined by the absolute value of the lowest MDA measured (47). Testing for significant 421 difference in OTU relative abundance following feature selection was performed using Wilcoxon 422 signed-rank test with Benjamini-Hochberg correction. 423
